The stress-induced initiation of proapoptotic signaling in Leydig cells is relatively well defined, but the duration of this signaling and the mechanism(s) involved in opposing the stress responses have not been addressed. In this study, immobilization stress (IMO) was applied for 2 h daily, and animals were euthanized immediately after the first (IMO1), second (IMO2), and 10th (IMO10) sessions. In IMO1 and IMO2 rats, serum corticosterone and adrenaline were elevated, whereas serum androgens and mRNA transcription of insulin-like factor-3 in Leydig cells were inhibited. Reduced oxygen consumption and the mitochondrial membrane potential coupled with a leak of cytochrome c from mitochondria and increased caspase-9 expression, caspase-3 activity, and number of apoptotic Leydig cells was also observed. Corticosterone and adrenaline were also elevated in IMO10 rats but were accompanied with a partial recovery of androgen secretion and normalization of insulin-like factor-3 transcription coupled with increased cytochrome c expression, abolition of proapoptotic signaling, and normalization of the apoptotic events. Blockade of intratesticular glucocorticoid receptors diminished proapoptotic effects without affecting antiapoptotic effects, whereas blockade of intratesticular ␣1-adrenergic receptors diminished the antiapoptotic effects without affecting proapoptotic effects. These results confirmed a critical role of glucocorticoids in mitochondria-dependent apoptosis and showed for the first time the relevance of stress-induced upregulation of ␣ 1-adrenergic receptor expression in cell apoptotic resistance to repetitive IMOs. The opposite role of two hormones in control of the apoptotic rate in Leydig cells also provides a rationale for a partial recovery of androgen production in chronically stressed animals. Leydig cells; immobilization stress; corticosterone; adrenaline; testis; apoptosis THE LEVELS OF TESTOSTERONE (T) in circulation reflect the steroidogenic capacity of individual testicular Leydig cells and the total number of these cells per testes (2, 3, 10, 16) . Because Leydig cells from adult animals are fully differentiated and rarely proliferate or die under normal physiological conditions, their steroidogenic capacity is controlled predominantly by the status of the hypothalamo-pituitary-gonadal axis via GnRH-LH secretory pathway (10, 23). The sustained stress lowers circulating LH and androgen levels (13, 40, 42) , and acute stress also lowers T levels without changing circulating LH levels (35, 42). Furthermore, the reciprocal changes in plasma corticosterone (CORT) and T in stressed rats (45) and increase in steroidogenic capacity of Leydig cells induced by suppression of CORT levels (19) suggested that this stress hormone directly inhibits T biosynthesis.
Leydig cells; immobilization stress; corticosterone; adrenaline; testis; apoptosis THE LEVELS OF TESTOSTERONE (T) in circulation reflect the steroidogenic capacity of individual testicular Leydig cells and the total number of these cells per testes (2, 3, 10, 16) . Because Leydig cells from adult animals are fully differentiated and rarely proliferate or die under normal physiological conditions, their steroidogenic capacity is controlled predominantly by the status of the hypothalamo-pituitary-gonadal axis via GnRH-LH secretory pathway (10, 23) . The sustained stress lowers circulating LH and androgen levels (13, 40, 42) , and acute stress also lowers T levels without changing circulating LH levels (35, 42) . Furthermore, the reciprocal changes in plasma corticosterone (CORT) and T in stressed rats (45) and increase in steroidogenic capacity of Leydig cells induced by suppression of CORT levels (19) suggested that this stress hormone directly inhibits T biosynthesis.
Several hypotheses have also been introduced to explain the mechanism by which glucocorticoids directly inhibit androgenesis. The CORT-induced decline in steroidogenic capacity could reflect inhibition of the expression (48) and activity (47) of T-biosynthetic enzymes. Repetitive immobilization stress (IMO)-induced elevation in endogenous CORT levels is also accompanied by changes in the expression of several steroidogenic enzyme RNAs (52) . Exogenous glucocorticoids also increase apoptotic events in numerous cell types (32) , including Leydig cells (20) , which raised the possibility that a decrease in the total number of Leydig cells could contribute to or accounts for LH-independent decline in circulating T levels in stressed animals. In further support of this hypothesis, an increase in apoptotic events was observed in stressed animals (11) . In addition, it has been suggested that stress-induced glucocorticoids suppress T biosynthesis through a nongenomic mechanism by activating plasma membrane glucocorticoid receptors (GRs) negatively coupled to the adenylyl cyclase signaling pathway (15) . We recently showed inhibition of basal adenylyl cyclase activity in IMO rats coupled with sustained upregulation of mRNA expression for several adenylyl cyclase and phosphodiesterase subtypes. Our study also revealed the lack of strong correlation between cAMP and androgen levels in Leydig cells stimulated with epinephrine, suggesting that other factor(s) negatively influence(s) androgen production in vivo in stressed animals (52) .
Stress also accelerates turnover of brain noradrenaline and adrenaline, and the resulting changes in their blood concentrations depend on the nature, intensity, and duration of a stressor. It has also been documented that stress affects the expression of receptors for these neurotransmitters, called adrenergic receptors (ADRs). There are five groups of these receptors (␣ 1 -␣ 2 -, ␤ 1 -, ␤ 2 -, and ␤ 3 -ADRs), and it is well established that stress affects the expression of ␣ 2 -, ␤ 1 -, and ␤ 2 -ADRs (17) . More recently, it has also been reported that stress and glucocorticoids rapidly increase ␣ 1d -ADR mRNA in the rat brain (8) . Repeated stress also increased transcripts for all ADRs expressed in Leydig cells (52) , and catecholamines stimulated androgen production in rat (2), golden hamster (44) , and Siberian hamster (43) cells. Because it is well known that ADRs play an important antiapoptotic role in breast cancer cells (28) , human umbilical vascular endothelial cells (39) , and cardiac myocytes (54), we speculated that this signaling pathway may also contribute to the control of apoptotic and/or antiapoptotic signaling and androgenesis in stressed animals.
Here, we studied the role of CORT-and adrenaline-mediated signaling in stress-induced testicular androgenesis and apoptosis. IMO was chosen as a typical and frequently used model of psychophysiological stress (33-36, 42, 47, 52) . The IMO sessions, established and justified previously (34 -36, 52) , include the acute (IMO1) and repeated stress without (IMO2) and with (IMO10) partial recovery of circulating T levels. The focus in our study was on the mechanism by which endogenous CORT triggers apoptosis and duration of proapoptotic signaling and whether and through which signaling pathway this process could be stopped during repetitive IMO sessions. To do this, we studied serum hormonal profiles and the status of pro-and antiapoptotic markers and the number of apoptotic Leydig cells after IMO was applied once (IMO1), twice (IMO2), and 10 times (IMO10). To evaluate roles of CORT and adrenaline in stress response, RU-486 (mifepristone), a GR antagonist (7) , and prazosin (minipress), a potent blocker of ␣ 1 -ADR (14) , were also applied in vivo.
MATERIALS AND METHODS

Materials.
The anti-T-11-BSA serum no. 250 was kindly supplied by Gordon D. Niswender. The anti-mouse and anti-rabbit secondary antibodies linked to the horseradish peroxidase were obtained from Kirkegaard & Perry Laboratories (Gaithersburg, MD). The [1,2,6,7 3 H(N)]-labeled T was from Perkin-Elmer Life Sciences (Waltham, MA), superscript III kit for cDNA preparation was from Invitrogen (Grand Island, NY), and primers for real-time quantitative PCR were from Integrated DNA Technologist (Munich, Germany). Medium 199 containing Earle's salt and L-glutamine (M199), DMEM-nutrient mixture F-12 Ham with L-glutamine and 15 mM HEPES (DMEM-F-12), HEPES, penicillin, streptomycin, EDTA, Percoll, BSA fraction V, collagenase type IA, RU-486, prazosin, acid ␤-glycerophosphate, tergitol (type 4), dithiothreitol, leupeptin, and aprotinin were from Sigma-Aldrich (St. Louis, MO).
Animals. Three-month-old (250 -270 g) male Wistar rats, bred and raised in the Animal Facility of Faculty of Sciences, University of Novi Sad, Serbia were used for the experiments. Animals were raised in controlled environmental conditions (22 Ϯ 2°C, 12:12-h light-dark cycle, lights on at 0700) with food and water ad libitum. All the experimental protocols were approved by the local Ethics Committee on Animal Care and Use at the University of Novi Sad, operating under the rules of National Council for Animal Welfare and the National Law for Animal Welfare (March 2009), and in accordance with the National Research Council publication Guide for the Care and Use of Laboratory Animals (National Academy of Sciences, Washington, DC, 1996) and National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication no. 80-23, revised 1996, 7th ed.).
Experimental models. IMO stress was performed daily, as described previously (36) . Briefly, rats were handled daily during a 3-wk period of acclimation before experiments. After that, animals were bound in the supine position for 2 h (from 0800 to 1000) by fixing their limbs to the wooden board with thread and with head motion not limited and euthanized immediately after the first, second, and 10th sessions. Freely moving rats served as controls. Groups of animals also received 20 g·20 l Ϫ1 ·testis Ϫ1 RU-486 or solvent (20 l of sterile DMSO) 12 h before IMO stress and were euthanized immediately after the first, second, or 10th session, whereas control animals were injected only with RU-486 or solvent once, twice, or 10 times and euthanized at the same times as stressed animals. Another group of controls and stressed rats was injected with 7.5 g·20 l Ϫ1 ·testis
Ϫ1
prazosin or solvent (20 l of sterile distillated water) 30 min before IMO stress was applied. All animals were quickly decapitated without anesthesia, and the trunk blood was collected. Individual serum samples were stored at Ϫ80°C until they were assayed for hormone levels. All groups consisted of four animals. All experiments were repeated three times. Preparation of purified Leydig cells and ex vivo androgen production. The primary cultures of purified Leydig cells were obtained from all experimental groups, as described previously (34, 35, 52) . The proportion of Leydig cells present in culture was 95.3 Ϯ 1.7%, as determined by staining for HSD3B activity. Purified Leydig cells were plated in 90-mm Petri dishes (5 ϫ 10 6 cells in 5 ml/dish culture medium) for analysis or the ex vivo T production and the expression of pro/antiapoptotic markers. For mitochondrial membrane potential and caspase-3 activity measurements, Leydig cells were plated in 96-well plates (5 ϫ 10 4 cells·0.2 ml Ϫ1 ·well Ϫ1 ). Hormone measurements. For serum LH level determination, all samples were measured in duplicate in a single assay (sensitivity Ͻ1 ng/ml; intra-assay coefficient of variation of 4.2% and a minimum detectable concentration of 0.14 ng/ml) according to the manufacturer's protocol (ALPCO, Salem, NH). Levels of androgens in serum, extracellular medium, or cell extracts were estimated by RIA and are referred to as T ϩ dihydrotestosterone (DHT) because the anti-T serum no. 250 showed 100% cross-reactivity with DHT. All samples were measured in duplicate in one assay (sensitivity: 6 pg/tube; intra-assay coefficient of variation: 5-8%; interassay coefficient of variation: 7.5%), as described previously (34) . Serum CORT measurements were done in duplicates in one assay (the IC50 value of ϳ150 pg/ml and detection limit of ϳ30 pg/ml) using an EIA Kit (Cayman, Ann Arbor, MI). Serum adrenaline levels were also determined in duplicate (standard range of 0.45-45 ng/ml and detection limit of 3.9 pg/ml) using the adrenaline research ELISA Kit (Labor Diagnostika Nord, Nordhorn, Germany).
TUNEL assay. Apoptotic cells were quantified by labeling DNA breaks using APO-BrdU TUNEL Assay Kit according to the the manufacturer's instructions (Invitrogen). At the end of procedures, cells were stained with Alexa Fluor 488 dye-labeled anti-5-bromo-2=-deoxyuridine 5=-triphosphate antibody for 30 min at room temperature, followed by propidium iodide staining for an additional 30 min. Cells were then centrifuged, and pellets were resuspended in 100 l of of PBS; drops of cell suspensions were deposited onto slides and analyzed under the Olympus IX70 fluorescent microscope. The apoptotic-stained (green fluorescence) and total number of cells (red fluorescence) were counted randomly in 30 fields of each sample. Data are expressed as a percent of apoptotic cells in total cell number.
Measurement of mitochondrial membrane potential. To monitor mitochondrial membrane potential of Leydig cells, the procedure with the tetramethylrhodamine ethylester was applied as described previously (1). The fluorescence readings were taken on a fluorimeter, with excitation wavelength at 550 nm and emission wavelength at 590 nm on a fluorimeter (Fluoroskan, Ascent, FL, and Thermo Labsystems, Waltham, MA).
Measurement of oxygen consumption by Leydig cells.
The oxygen consumption by suspension of Leydig cells was measured at 34°C in a close chamber containing a Clark type oxygen electrode connected to a YSI model 5300 monitor (YSI, Yellow Springs, OH), as previously described (33) . For calculation of oxygen uptake and presentation of oxygraphic curves, Digital Multimeter VC 820 (Conrad Electronic) and software Digiscope for Windows (version 2.06) were used.
Measurement of caspase-3 activity in Leydig cells. The caspase-3 colorimetric assay kit was used, and measurements were performed in triplicate (3 ϫ 10 6 Leydig cells in each tube, 150 g/50 l), following a protocol recommended by the manufacturer (Enzo, Farmingdale, NY). The cleavage of a tetrapeptide substrate was monitored colorimetrically by increased absorption at 405 nm in a microtiter plate reader. The fold increase in caspase-3 activity was determined by comparing with the level of the uninduced control.
RNA isolation and cDNA synthesis. Total RNA from purified rat Leydig cells were isolated using an RNeasy kit reagent and protocol recommended by the manufacturer (Qiagen, Valencia, CA). Following the DNase I treatment, the first-strand cDNA was synthesized according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). An aliquot of 5 l of the RT reaction product (25 ng of RNA calculatedon starting RNA) was amplified with the PCR reagent system. Negative controls consisting of non-reverse transcribed samples were included in each set of reactions. Quality of RNA and DNA integrity was checked as described previously (52) .
Real-time polymerase chain reaction and relative quantification. The relative expression of the genes was quantified by PCR using the SYBR Green-based chemistry from Applied Biosystems (Foster City, CA) in the presence of an aliquot of 5 l of the RT reaction product (25 ng of RNA calculated on starting RNA) and specific primers. The primer sequences used for real-time PCR analysis, including GenBank accession codes for full gene sequences, are shown in Table 1 . GAPDH was also measured in the same samples and used to correct variations in RNA content among samples. Relative quantification of each gene was done in duplicate three times for each gene and twice for each of three independent in vivo experiments.
Protein extraction and Western blot analysis. After incubation, Leydig cells (5 ϫ 10 6 /well) were washed twice with ice-cold PBS and lysed, and Western blot analysis was performed as described previously (34) . The immunodetection of the Akt, p-Akt, p-ERK1/2, and ERK1/2 was detected using the commercial antibodies from Cell Signaling Technology (Beverly, MA), and the caspase-9 and cytochrome were detected using the antibodies purchased from Assay Design (Farmingdale, NY). The ␤-actin (ACTB) was detected using a detection kit developed by EMB Bioscience (La Jolla, CA). The immunoreactive bands were analyzed as two-dimensional images using Image J (version 1.32). The optical density of images is expressed as volume adjusted for the background, which gives arbitrary units of adjusted volume group.
Statistical analysis. For in vivo studies, the results represents group means Ϯ SE values of individual variation from three to five independent experiments (4 rats per group per experiment). For ex vivo measurements, the data represent means Ϯ SE from three to five independent replicates. The results from each experiment were analyzed by Mann-Whitney's unpaired nonparametric two-tailed test (for 2-point data experiments) or by one-way ANOVA for group comparison, followed by Student-Newman-Keuls multiple range test.
RESULTS
Stress-induced Leydig cell dysfunction and apoptosis.
CORT, adrenaline, LH, and androgens (T ϩ DHT) were measured in serum from controls and stressed animals. Figure 1 , A and B, shows that IMO was effective as a stressor, elevating serum CORT (Fig. 1A ) and adrenaline levels (Fig. 1B) in all stressed groups compared with undisturbed controls. Serum androgens were reduced in IMO1 and IMO2 rats, whereas a partial recovery of androgenesis was observed after IMO10 (Fig. 1D) . Insl3 transcription was also attenuated after IMO1 and IMO2 but was normalized after IMO10 (Fig. 1E) . Finally, the TUNEL assay analysis revealed that controls and IMO10 had negligible numbers of positively labeled cells (controls ϭ 2.2 Ϯ 0.8; IMO10 ϭ 2.5 Ϯ 0.9 out of 100 cells), which was in contrast to IMO1 and IMO2 animals exhibiting increased apoptosis incidence of Leydig cells (Fig. 1F) .
Effects of IMO stress on Leydig cell mitochondria. Because mitochondria are critical for the regulation of steroid hormone biosynthesis (1) and play key roles in activating apoptosis (53), we examined the physiological status of these organelles in Leydig cells from IMO and control rats by measuring the oxygen consumption and mitochondrial membrane potential. In the absence of ADP, the oxygen consumption was reduced in Leydig cells from IMO1 and IMO2 groups and was restored to normal levels in the IMO10 group ( Fig. 2A) . In contrast, stimulation of Leydig cell respiration by ADP was comparable in IMO and controls (data not shown). The mitochondrial membrane potential was also reduced after IMO1 and IMO2 and was restored in Leydig cells from IMO10 rats (Fig. 2A) . These results indicate the potential relevance of mitochondria in initiation of apoptosis in stressed animals.
Cytochrome c is a component of the electron transport chain mitochondria, which is also involved in initiation of apoptosis (50) . Consistent with this, we observed a significant decrease in cytochrome c levels in mitochondrial fractions obtained from IMO1 and IMO2 Leydig cells (Fig. 2B) . However, the expression of cytochrome c mRNA transcripts in Leydig cells from IMO10 but not IMO1 and IMO2 rats increased significantly (in relative units: controls ϭ 1 Ϯ 0.05, IMO1 ϭ 1.1 Ϯ 0.06, IMO2 ϭ 1.2 Ϯ 0.04, and IMO10 ϭ 1.82 Ϯ 0.12). The level of cytochrome c protein transcripts in whole cell lysate, mitochondrial, and postmitochondrial fractions from IMO10 rats also paralleled the gene expression (Fig. 2B) . These results indicate that de novo cytochrome c synthesis could serve as an indicator of gradual restoration of Leydig cell function in stressed animals.
Status of pro-and antiapoptotic signaling in Leydig cells. In general, caspases are critical intracellular signal transducers and executioners of apoptosis (29) , prompting us to examine Figure 3A shows that there was a significant increase in expression of caspase-9 proteins in Leydig cells from IMO1 and IMO2 rats, but not IMO10 rats. The caspase-3 activity was also elevated in Leydig cells from IMO1 and IMO2 rats but was back to the control level in Leydig cells from IMO10 rats (Fig. 3B) , confirming the transient nature of Leydig cell apoptosis during repetitive IMO sessions.
Concomitant with the activation of apoptotic pathways, the survival phosphatidylinositol 3-kinase protein kinase B (Akt) and ERK1/2 signaling pathways play a critical role in balancing apoptosis in Leydig cells (12) . In our experiments, there were significant decreases in the p-Akt/Akt ratio in whole cell lysate from IMO2 rats (Fig. 3C ) and total Akt in postmitochondrial fraction (Fig. 3D) , whereas IMO10 treatment increased Akt significantly in the whole cell lysate (Fig. 3D ) and p-Akt/Akt ratio in the mitochondrial fraction of Leydig cells (Fig. 3C) .
Role of testicular GRs in stress-induced Leydig cell apoptosis.
To estimate the possible contribution of glucocorticoids in IMO-induced Leydig cell apoptosis, the intratesticular treatment with RU-486 (20 g·20 l Ϫ1 ·testis Ϫ1 ), the potent blocker of classic GRs (7), was performed 12 h before IMO. Such a treatment did not affect serum LH levels in controls and IMO animals (Fig. 4A) . However, serum androgen levels were affected significantly; intratesticular application of RU-486 increased circulating androgens in IMO1 and IMO2 rats compared with the corresponding untreated IMO animals (Fig. 4B,  right) . Furthermore, RU-486 injection prevented IMO1/IMO2-induced decrease in mitochondrial membrane potential without affecting its recovery in Leydig cells from IMO10 rats (Fig.  4C ). In addition, RU-486 attenuated IMO1/IMO2-induced apoptosis of Leydig cells (Fig. 4D) . The increase in Leydig cell caspase-9 level induced by IMO1/IMO2 was also abolished after intratesticular application of this GR blocker (Fig. 4E) . Finally, blockade of intratesticular GRs diminished the IMO10- Fig. 1 . Effects of stress on circulating levels of stress hormones, LH, androgens, transcription of the Insl3 gene, and apoptosis of Leydig cells. A-D: stress-induced increase in circulating corticosterone (CORT; A) and adrenaline (B) levels was accompanied with a decrease in LH (C) and androgen [testosterone ϩ dehydrotestosterone (T ϩ DHT)] levels (D). Note that there is a difference in LH and androgen levels after immobilization stress (IMO)1 and IMO10 (1st and 10th sessions of IMO, respectively). E and F: IMO affected Insl3 transcription (E), and changes in apoptotic rates (F) mirrored androgen and Insl3 profiles. In this and the following figures, rats were subjected to IMO1, IMO2, or IMO10 or left undisturbed (controls; 0), trunk blood was collected for hormonal analysis, and Leydig cells were isolated (for details, see MATERIALS AND METHODS). Data bars are means Ϯ SE of 3-5 independent in vivo experiments. Statistical significance was at level P Ͻ 0.05: *vs. control group;^vs. IMO1 group. induced increase in mRNA transcript for Hsd11b2 (Fig. 4F) , confirming that this transcription is related to GR activation (18, 21) .
Role of testicular ␣ 1 -ADRs in Leydig cell functional recovery. To study the potential involvement of adrenergic components of the stress response in Leydig cell apoptosis, the intratesticular treatment with prazosin (7.5 g in 20 l/testis), the potent blocker of ␣ 1 -ADRs, was performed 30 min before IMO stress. Such a treatment did not change circulating LH levels in controls and IMO rats (Fig. 5A) . However, intratesticular application of prazosin two and 10 times decreased circulating androgen levels significantly in unstressed rats (Fig.  5B, left) . In stressed rats, prazosin did not alter the IMO1/ IMO2-induced drop in androgenesis but protected the partial recovery of androgen secretion in IMO10 rats (Fig. 5B, right) . It also prolonged the duration of reduced mitochondrial membrane potential compared with values registered in Leydig cells from IMO10 rats (Fig. 5C) . Furthermore, blockade of testicular ␣ 1 -ADRs prolonged the duration of increased apoptotic rate in stressed animals and increased Leydig cell apoptosis significantly in unstressed animals compared with control/vehicle groups not treated with prazosin (Fig. 5D) .
Application of prazosin 10 times in controls significantly increased the level of caspase-9 in Leydig cells compared with untreated/vehicle-treated groups. In addition, prazosin increased caspase-9 expression in Leydig cells from IMO10 rats (Fig. 5E) . Blockade of intratesticular ␣ 1 -ADRs did not change the IMO10-induced Hsd11b2 increase (Fig. 5F ), confirming that this transcription reflects activation of GRs (18) . It also did not abolish the increased levels of transcripts for ADRs in Leydig cells from IMO10 rats (data not shown). Finally, the ␣ 1 -ADR blockade diminished IMO10-induced stimulation of the expression of so-called recovery kinases by increasing Akt and p-ERK/ERK ratio in Leydig cells, whereas 10 injections of prazosin decreased these ratios significantly compared with control/vehicle-treated groups (Fig. 5, G and H) .
DISCUSSION
It is well established that LH is the main factor regulating the biosynthesis and secretion of T (16) . Earlier studies showed that sustained stress lowers circulating LH and androgen levels (13, 40, 42) , a finding consistent with data presented in this study. In further agreements with the literature (9, 42), we also observed that acute stress lowers T levels without changing LH secretion. In addition, partial recovery of androgenesis occurs at lower serum LH levels. Along with androgens, Insl3 transcription was also attenuated after IMO1 and IMO2 but was normalized after IMO10. INSL3 is a major secretory product of testicular Leydig cells, and although released in a constitutive manner, it is considered in pair with androgens in the evaluation of testicular function and dysfunction (5). These observations clearly indicate that the residual circulating LH is sufficient for Leydig cell steroidogenesis and that other factors cause down-and upregulation of Leydig cell secretion.
Because the levels of T in circulation reflect the steroidogenic capacity of individual testicular Leydig cells and the total number of these cells per testis, it was reasonable to suggest that stress decreases the number of responsive cells, leading to decrease in the secretory output (20) . Negative correlation between the numbers of apoptotic Leydig cells vs. serum androgen concentration and expression of Insl3 shown here supports this hypothesis. Furthermore, there is a general agreement in the field that stress causes Leydig cell apoptosis in a CORT-dependent manner, which in turn affects a balance between proliferation and cell death. Here, we show that IMO stress causes rapid and sustained increases in circulating CORT levels. Finally, our study with blockade of testicular GRs confirmed that IMO-elicited CORT is sufficient to trigger apoptosis of Leydig cells.
It has been suggested that glucocorticoid-induced Leydig cell apoptosis is mediated by GRs, which translocate from cytoplasm to nucleus (11) . In addition to the nuclear mechanisms of glucocorticoid action, these receptors could directly or indirectly affect the mitochondrial function (41) . In several cell lines, GRs translocation to the mitochondria was observed in correlation with susceptibility to glucocorticoid-induced apoptosis via the ligand-induced mitochondrial pathway rather than nuclear translocation of the GRs. The same study also showed that mitochondrial GRs control respiration and oxidative phosphorylation through transcriptional regulation of the mitochondrial genes cytochrome oxidase 1 and cytochrome oxidase 3 (51) . Both are catalytic subunits of cytochrome c oxidase, the last enzyme in the respiratory electron transport chain of mitochondria (38, 49) .
In parallel with serum androgen profiles, we show here that stress also transiently affected the Leydig cell mitochondrial function, including lowering of basal oxygen consumption and mitochondrial membrane potential, formation of transition pores and cytochrome c liking from mitochondria, and activation of caspase-9 and -3 pathways, leading to induction of apoptosis in IMO1 and IMO2 rats. Caspase-3 activation is also required for Leydig cell apoptosis induced by ethane dimethanesulfonate (31) . Appearance of proapoptotic markers in Leydig cell IMO1 rats points to the central role of mitochondria in IMO-triggered cell death. In general, the mitochondria enclose a potent cocktail of proapoptotic proteins. The reduction in mitochondrial membrane potential and leakage of cytochrome c from them that we observed in Leydig cells from IMO1 and IMO2 rats have also been observed in a number of models of apoptosis and are considered to be the first signs of initiation of the mitochondrial death pathway (4, 25, 55) . Thus, the presence of proapoptotic markers in Leydig cells from IMO1/IMO2 rats fits into this scenario.
The most important finding present in this study is that duration of proapoptotic signaling is limited and that after 10 IMO sessions the ratio in normal/apoptotic cells was normalized at elevated serum CORT levels. This clearly indicates the existence of an adaptive mechanism to repetitive stress response. In general, downregulation of GR gene activity and protein expression or facilitated degradation of CORT in Leydig cells could provide such a mechanism. However, our earlier quantitative RT-PCR analysis showed no changes in mRNA transcripts for GRs (52) , arguing against the first hypothesis. The occupancy of GRs in Leydig cells is modulated by 11␤-hydroxysteroid dehydrogenase (HSD11B)-mediated oxidative inactivation of CORT. Leydig cells express two types of this enzyme: HSD11B1, a low-affinity and highcapacity bidirectional oxidoreductase with the oxidative activity prevailed over reduction, and HSD11B2, an unidirectional oxidase exhibiting high affinity in inactivation of glucocorticoids (24, 27) . It has been shown previously that the single and repeated IMO stress increased the level of transcripts for Hsd11b2 but did not change transcripts for Hsd11b1 in Leydig cells (24, 52) . Here, we show that the stress-induced upregulation of Hsd11b2 transcription was abolished in Leydig cells from stressed animals with blocked testicular GRs, indicating that CORT could regulate its local concentration by facilitating the expression of this enzyme. Further studies are needed to clarify whether the expression of HSD11B2 protein is enhanced at this time point, what the level of CORT in Leydig cells from stressed animals is, and whether HSD11B is a significant determinant of CORT steroidogenic and apoptotic capacities.
In addition to glucocorticosteroids, catecholamines are elicited by stress and play a central role in the control of metabolic function and energy homeostasis. Specifically, adrenaline and noradrenaline stimulate lipolysis and glycogenolysis by interacting with ␤-ADRs coupled to the G s signaling pathway, leading to facilitation of cAMP production (41) . Leydig cells also express ␤-ADRs (3), and the activated receptors stimulate cAMP and androgen production in rats (2) . Thus, elevated serum adrenaline should compensate for lower LH level in stimulating cAMP de novo production and androgenesis. However, stress causes a decrease rather than an increase in cAMP production (15, 52) . Inhibition of cAMP production in stressed animals could reflect an action mediated by plasma membrane GRs signaling through the G i/o pathway (15) and/or a switch from G s to G i/o signaling of ␤-ADRs mediated by phosphodiesterase-4 (52). Our previous study also showed a clear dissociation between cAMP and androgen levels in adrenalinestimulated Leydig cells (52) , indicating that this stress hormone influences androgenesis through other signaling pathways. In accord with this, daily injection of propranolol, a ␤-ADR antagonist, did not affect recovery of androgenesis in IMO10 rats (Andric SA, Bjelic MM, Mihajlovic AI, Baburski AZ, Sokanovic SJ, Janjic MM, Stojkov NJ, and Kostic TS, unpublished observations).
Leydig cells also express all three subtypes of ␣ 1 -ADRs, and IMO stress increases the expression of their mRNAs after IMO10 sessions (52) . This provides a rationale for delayed action of these receptors through the G q/11 signaling pathway, leading to activation of phospholipase C and activation of ERK1/2 (6, 56) . Here, we also show that blockade of testicular ␣ 1 -ADRs initiated Leydig cell apoptosis and canceled development of apoptosis resistance in Leydig cells from IMO10 animals. This was associated with a low level of total Akt and p-ERK1/2 in Leydig cells. Furthermore, sustained IMO repetition normalized Leydig cell respiration and mitochondrial membrane potential, increased ERK1/2, total Akt, and p-Akt/ Akt ratio in mitochondria, and stimulated cytochrome c expression, probably accounting for Leydig cell adaptation to IMO.
Blockade of ␣ 1 -ADR with prazosin or doxazosin in other cell types also introduced apoptosis (28, 39) . Previous reports also suggest that ␣ 1 -ADR survival signaling could be mediated by a mechanism downstream of ERK1/2, including the phosphorylation and inactivation of the Bad (54). These observations suggest that the phosphatidylinositol 3-kinase/Akt and ERK1/2 pathways might be activated in connection with ␣ 1 -ADR signaling in Leydig cells from stressed animals. In support of this hypothesis, there are numerous data indicating an antiapoptotic role of the phosphatidylinositol 3-kinase and Akt pathways in preservation of mitochondria function in different testicular and other cell models (26, 30, 37) . Also, in denervated testes the rate of apoptosis increased 14 and 21 days after operation, suggesting that this pathway may exert the antiapoptotic action in normal physiological conditions (22) .
In conclusion, the results obtained in this study supported the opposite role of GRs and ␣ 1 -ADRs in crosstalk with mitochondrial Leydig cell death pathways triggered by IMO stress and might provide new insight into the relationship between stress and the mammalian reproductive function.
